During cancer development, it is well established that many genes, including tumor suppressor genes, are hypermethylated and transcriptionally repressed, a phenomenon referred to as epigenetic silencing. In general, the factors involved in, and the mechanistic basis of, epigenetic silencing during cancer development are not well understood. We have recently described an epigenetic silencing pathway, directed by the oncogenic B-Raf proto-oncogene (BRAF) variant BRAF(V600E), that mediates widespread epigenetic silencing in colorectal cancer (CRC). Notably, the BRAF(V600E) mutation is also present in 50-70% of melanomas. Here, we show that the same pathway we identified in CRC also directs epigenetic silencing of a similar set of genes in BRAF-positive melanoma. In both CRC and melanoma, BRAF(V600E) promotes epigenetic silencing through up-regulation of v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog G (MAFG), a transcriptional repressor with sequencespecific DNA-binding activity. The elevated concentration of MAFG drives DNA binding on the promoter. Promoter-bound MAFG recruits a set of corepressors that includes its heterodimeric partner BTB and CNC homology 1, basic leucine zipper transcription factor 1 (BACH1), the chromatin remodeling factor chromodomain helicase DNA-binding protein 8 (CHD8), and the DNA methyltransferase DNMT3B, resulting in hypermethylation and transcriptional silencing. Our results reveal a common BRAF(V600E)-directed transcriptional regulatory pathway that mediates epigenetic silencing in unrelated solid tumors and provide strong support for an instructive model of oncoprotein-directed epigenetic silencing.
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BRAF(V600E) | colorectal cancer | epigenetic silencing | MAFG | melanoma A distinguishing feature of human cancer genomes is aberrant DNA methylation, which is characterized by both global DNA hypomethylation and site-specific DNA hypermethylation (reviewed in 1-4). Site-specific DNA hypermethylation of promoter-associated CpG islands of tumor suppressor and DNA repair genes results in transcriptional silencing (commonly referred to as epigenetic silencing), thereby facilitating the initiation and progression of cancer (1) (2) (3) (4) .
Widespread CpG island promoter hypermethylation, referred to as the CpG island methylator phenotype (CIMP), was first identified in colorectal cancers (CRCs) (5) and has been extensively studied in this tumor type (reviewed in 6). Approximately 8-15% of CRCs contain an activating mutation in the B-Raf proto-oncogene (BRAF) oncoprotein [typically BRAF(V600E)] (7-9), a Ser/Thr kinase that stimulates cellular proliferation by signaling through the MAPK pathway [BRAF/mitogen activated protein kinase kinase (MEK)/ERK] (reviewed in 10). Most BRAFpositive CRCs have aberrant promoter hypermethylation of a set of ∼60 so-called CIMP marker genes (11, 12) .
To understand the basis of aberrant promoter hypermethylation in CRC, we recently carried out a large-scale RNAi screen to identify factors required for hypermethylation and silencing of the CIMP marker gene mutL homolog 1 (MLH1) (13) . Using this approach, we identified v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog G (MAFG), a transcriptional repressor with sequence-specific DNA-binding activity, as the pivotal factor required for MLH1 silencing and CIMP in CRCs containing BRAF (V600E). In BRAF-positive CRCs, MAFG is bound at the promoters of MLH1 and other CIMP genes, and recruits a set of corepressors that includes its heterodimeric partner BTB and CNC homology 1, basic leucine zipper transcription factor 1 (BACH1), the chromatin remodeling factor chromodomain helicase DNAbinding protein 8 (CHD8), and the DNA methyltransferase DNMT3B, resulting in hypermethylation and transcriptional silencing. The increase in BRAF/MEK/ERK signaling in BRAFpositive cells results in phosphorylation and elevated levels of MAFG, which drives DNA binding on the promoter.
Genome-wide promoter methylation analysis has shown extensive alteration of DNA methylation in melanomas (14) (15) (16) (17) . The molecular basis by which the aberrant DNA methylation pattern is acquired during melanoma development remains to be determined. Acquisition of an activating mutation in BRAF occurs in 50-70% of melanomas (18) . We therefore investigated the possibility that the BRAF-directed pathway that mediates CIMP in CRCs also directs widespread promoter methylation in melanoma. Our results reveal a common BRAF(V600E)-directed transcriptional regulatory pathway that mediates epigenetic silencing in unrelated cancer types.
Significance
In many cancers, specific genes affecting cellular growth control are hypermethylated and transcriptionally repressed, a phenomenon known as epigenetic silencing. However, the mechanistic basis of epigenetic silencing is not well understood. One model, called the "instructive model," posits that epigenetic silencing occurs through a specific pathway, comprising a defined set of components, initiated by an oncoprotein. We have previously shown that in colorectal cancer, B-Raf proto-oncogene (BRAF) directs widespread promoter methylation and epigenetic silencing by up-regulating the transcriptional repressor v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog G (MAFG), which, in turn, recruits a set of corepressors, resulting in transcriptional repression. Here, we show that this same BRAFdirected pathway also mediates widespread epigenetic silencing in melanoma. Our results provide strong support for the instructive model of oncoprotein-directed epigenetic silencing.
Results and Discussion
Transcriptional Repressor MAFG Directs an Epigenetic Silencing Pathway in BRAF-Positive SK-MEL-28 Human Melanoma Cells. To ask whether MAFG and its corepressors have a role in aberrant promoter hypermethylation and transcriptional silencing of genes in melanoma containing BRAF(V600E), we first analyzed the expression of CRC CIMP genes following depletion of MAFG or its corepressors. Knockdown of MAFG, CHD8, BACH1, or DNMT3B in BRAF-positive SK-MEL-28 human melanoma cells (Fig. S1 ) derepressed expression of 55 of 59 CIMP genes ( Fig. 1 A and B) . Notably, one of the CIMP genes is IGFBP7, which we have previously shown is silenced in melanoma cell lines containing BRAF (V600E) (19) . The bisulfite sequencing experiment of Fig. 1C shows that a subset of representative CIMP genes were, as expected, hypermethylated in SK-MEL-28 cells. Moreover, knockdown of MAFG, CHD8, BACH1, or DNMT3B resulted in a large reduction in methylation in these promoters, consistent with their transcriptional derepression.
Four genes, CIDEB, EFHD1, PRDM2, and SEPT9, were not significantly derepressed following knockdown of MAFG or its corepressors ( Fig. 1 A and B) . We noticed in quantitative realtime RT-PCR (qRT-PCR) analyses that the cycle of threshold (Ct) values of these four genes were 20-22, whereas the Ct values of the other 55 derepressed genes were in the range of 28-32 (Fig.  S2A ), which suggested these four genes were not silenced in SK-MEL-28 cells. In support of this conclusion, qRT-PCR analysis shows that the four genes were expressed at substantially higher levels in SK-MEL-28 cells than in BRAF-positive RKO CRC cells (Fig. S2B ), a cell line in which the genes are known to be hypermethylated and silenced (13) . Furthermore, methylated DNA immunoprecipitation analysis indicated that methylation of the four gene promoters in SK-MEL-28 cells was much lower than in RKO cells (Fig. S2C) . Finally, unlike what we found in RKO cells (13) , treatment of SK-MEL-28 cells with the DNA methyltransferase inhibitor 5-azacyticine had no effect on expression of the four genes (Fig. S2D ).
MAFG Directs Epigenetic Silencing of Genes Frequently Hypermethylated
in Melanoma. Genome-wide DNA methylation analysis has identified genes that are frequently hypermethylated in melanomas (15) (16) (17) . To determine whether the MAFG-directed pathway also silences these genes, we analyzed a representative set of 24 genes that are hypermethylated in melanoma (hereafter referred to as HIM genes). The qRT-PCR results of Fig. 2A show that shRNA-mediated knockdown of MAFG, CHD8, BACH1, or DNMT3B in SK-MEL-28 cells derepressed expression of all 24 HIM genes. Bisulfite sequencing confirmed that representative HIM genes were, as expected, hypermethylated in SK-MEL-28 cells, and that hypermethylation was reduced by knockdown of MAFG, CHD8, BACH1, or DNMT3B (Fig. 2B ).
MAFG and Its Corepressors Are Bound to Epigenetically Silenced CIMP and HIM Genes. To determine whether MAFG, CHD8, BACH1, and DNMT3B bind directly to promoters of CIMP and HIM genes in melanoma cells, we carried out ChIP experiments. Fig. 2C shows that MAFG, BACH1, CHD8, and DNMT3B were enriched on the promoters of four representative CIMP genes and two representative HIM genes in SK-MEL-28 cells. These genes were also derepressed by knockdown using a second, unrelated shRNA directed against MAFG, BACH1, CHD8, or DNMT3B (Figs. S1 and S3). Consistent with our results in BRAF-positive RKO CRC cells (13) , the coimmunoprecipitation experiment of Fig. S4 shows that MAFG, BACH1, CHD8, and DNMT3B were stably associated with one another in SK-MEL-28 melanoma cells. (Fig. 3B) .
We next analyzed phosphorylation of MAFG in SK-MEL-28 cells. MAFG has two potential ERK phosphorylation sites As controls, the levels of phosphorylated and total ERK1/2 (p-ERK1/2 and t-ERK1/2, respectively) and TUBA were also monitored. (C) SK-MEL-28 cells were transfected with myc-tagged MAFG-WT, MAFG-T3A, or MAFG-S124A; treated in the presence or absence of PLX4720; and analyzed by immunoblotting with a phosphorylated-(S/T)P Ab. (D) HA-ubiquitination pull-down assay. Extracts from SK-MEL-28 cells expressing HA-tagged ubiquitin (HA-Ub) and myc-tagged MAFG-WT, MAFG-T3A, or MAFG-S124A and treated in the presence or absence of PLX4720 were immunoprecipitated using an HA Ab, and the immunoprecipitate (IP) was analyzed by immunoblotting using a myc Ab.
at T3 and S124. We previously showed that in BRAF-positive RKO CRC cells, ERK1 phosphorylates MAFG at S124 (13) . Fig. 3C shows that ectopically expressed WT MAFG and a MAFG-T3A mutant, but not a MAFG-S124A mutant, were phosphorylated in untreated SK-MEL-28 cells. As expected, phosphorylation of MAFG and MAFG-T3A was greatly reduced following PLX4720 addition.
We previously found that in BRAF-positive RKO CRC cells, phosphorylation of MAFG at S124 by ERK1 increased levels of MAFG by preventing its polyubiquitination and subsequent proteasomal-mediated degradation (13) . Consistent with these previous results, addition of PLX4720 increased polyubiquitination of MAFG and MAFG-T3A (Fig. 3D) . By contrast, MAFG-S124A, which cannot be phosphorylated by ERK (Fig. 3C) , was highly polyubiquitinated in untreated SK-MEL-28 cells, and polyubiquitination was not further increased by PLX4720 addition. Collectively, these results indicate that in SK-MEL-28 cells, as in BRAF-positive CRC cells, phosphorylation of MAFG at S124 by BRAF/MEK/ERK signaling increases levels of MAFG by preventing its polyubiquitination and subsequent proteasomalmediated degradation.
Validation of the Role of MAFG and Its Corepressors in Epigenetic
Silencing in Other BRAF-Positive Melanoma Cell Lines. To determine the generality of these results, we repeated several of the key experiments in BRAF-positive SK-MEL-5 and A375 melanoma cells. Fig. 4A shows that knockdown of MAFG or its corepressors derepressed representative epigenetically silenced CIMP and HIM genes in both cell lines. Bisulfite sequencing showed, as expected, that methylation of these genes was significantly reduced following knockdown of MAFG, CHD8, BACH1, or DNMT3B (Fig. S5) . The ChIP experiment of Fig. 4B shows that MAFG and it corepressors were associated with the promoters of representative epigenetically silenced genes in both SK-MEL-5 and A375 cells.
Finally, treatment of SK-MEL-5 and A375 cells with PLX4720 or U0126 resulted in reduced MAFG levels (Fig. 4C ) and derepression of epigenetically silenced genes (Fig. 4D) . Collectively, these results confirm the general role of the MAFG-directed epigenetic silencing pathway in BRAF-positive melanoma cell lines.
Role of the MAFG-Directed Epigenetic Silencing Pathway in
Melanomagenesis. We next performed a series of experiments to evaluate the relevance of our findings to the development of melanomas containing BRAF(V600E). First, we analyzed expression levels of representative CIMP and HIM genes in snap-frozen BRAF-positive human melanoma samples. The qRT-PCR results of Fig. 5A show that the expression levels of the genes we analyzed were significantly lower in BRAF-positive melanomas than in matching normal tissues. Bisulfite sequencing showed that the promoters of these genes were hypermethylated in BRAF-positive mutant tumors compared with matching normal tissues (Fig. S6) .
We next used a pathology tissue ChIP (PAT-ChIP) assay (13, 22) to measure association of MAFG with the promoters of representative CIMP and HIM genes in formalin-fixed paraffin embedded (FFPE) BRAF-positive human melanoma samples. Fig. 5B shows that MAFG was substantially enriched at these promoters in melanoma tumor samples relative to adjacent normal skin. Consistent with these results, these promoters were methylated in tumors but not in matched normal tissues (Fig. S7) . Finally, the immunoblot of Fig. 5C shows that MAFG levels were higher in BRAF-positive melanoma samples relative to adjacent normal skin.
We predicted that loss of MAFG, CHD8, BACH1, or DNMT3B, which results in derepression of multiple tumor-suppressor genes, would reduce the transformed phenotype. Consistent with this prediction, knockdown of each of these factors substantially reduced the ability of SK-MEL-28 cells to proliferate in soft agar (Fig. 5D) .
In this study, we have shown that the same epigenetic silencing pathway that mediates widespread promoter methylation and transcriptional repression in BRAF-positive CRCs (13) also directs epigenetic silencing of a similar set of genes in BRAF-positive melanoma. In this pathway, shown in Fig. 6 , increased BRAF/MEK/ ERK signaling results in ERK-directed phosphorylation at S124 of MAFG, a transcriptional repressor with sequence-specific DNAbinding activity. Phosphorylation of MAFG at S124 prevents polyubiquitination and subsequent proteasomal-mediated degradation, leading to increased MAFG levels, which drives DNA binding. DNA-bound MAFG recruits a corepressor complex that includes BACH1, CHD8, and DNMT3B, leading to promoter hypermethylation and transcriptional silencing of CIMP and HIM genes. The pathway we describe explains why CIMP and HIM genes are silenced in BRAF-positive CRCs and melanomas but transcriptionally active in normal cells containing WT BRAF.
In many cancers, it is well established that specific genes affecting cellular growth control are hypermethylated and transcriptionally silenced (23, 24) . However, the mechanistic basis of epigenetic silencing is not well understood. According to one model, an epigenetic event, such as hypermethylation of a CpGrich promoter region of a tumor suppressor gene, occurs randomly due, for example, to loss of fidelity or mutation of an epigenetic enzyme. The hypermethylation results in silencing of the tumor suppressor gene, which confers a selectable growth advantage (reviewed in 3). In a second so-called instructive model, transcriptional silencing occurs through a specific pathway, comprising a defined set of components, initiated by an oncoprotein (25) . The finding that BRAF(V600E) can direct widespread transcriptional repression through a common pathway in unrelated solid tumor types provides particularly strong support for the instructive model of oncoprotein-directed epigenetic silencing. qRT-PCR. Total RNA was isolated, and RT was performed as described (26) , followed by qRT-PCR using Power SYBR Green PCR Master Mix (Applied Biosystems). GAPDH was used as an internal reference gene for normalization. Gene primer sequences are shown in Table S1 . Bisulfite Sequencing. Bisulfite modification was carried out using an EpiTect Bisulfite Kit (QIAGEN), followed by assay kits from EpigenDX for AOX1 (ADS2444), CACNA1G (ADS2300), IRF8 (ADS1254), p14ARF (ADS2130), or PCR primers for CYP1B1 and QPCT (Table S1 ). Multiple independent clones were sequenced from each PCR product within each cell line, of which six representative clones are displayed.
Materials and Methods

Cell
Methylated DNA Immunoprecipitation. Genomic DNA was isolated and processed using the MethylMiner Methylated DNA Enrichment Kit (Invitrogen). The DNA eluate was analyzed by qRT-PCR using a primer pair (Table S1 ) that amplifies the promoter or 5′ UTR of the CIDEB, EFHD1, PRDM2, or SEPT9 gene.
ChIP Assays. ChIP assays were performed as previously described (26) using the following Abs: MAFG (Santa Cruz Biotechnology), BACH1 (Santa Cruz Biotechnology), CHD8 (Bethyl Laboratories), and DNMT3B (Abcam). ChIP products were analyzed by quantitative PCR (primer sequences are shown in Table S1 ). Samples were quantified as the percentage of input, and then normalized to an irrelevant region in the genome (∼3.2 kb upstream from the transcription start site of GCLC). Fold enrichment was calculated by setting the IgG control immunoprecipitation sample to a value of 1.
Immunoblot Analysis. Cell extracts were prepared by lysis in Laemmli buffer in the presence of protease inhibitor mixture (Roche). The following commercial Abs were used: MAFG, BACH1, CHD8, DNMT3B, phospho-ERK1/2 and total ERK1/2 (both from Cell Signaling Technology), myc (Roche), and α-tubulin (TUBA; Sigma).
Coimmunoprecipitation Assays. SK-MEL-28 cell lysate was immunoprecipitated with a MAFG, BACH1, CHD8, DNMT3B, or control Ab (IgG; Millipore), and the immunoprecipitate was analyzed for MAFG, BACH1, CHD8, or DNMT3B by immunoblotting. Input lanes represent 5% of immunoprecipitated lanes.
In Vivo Kinase Assay. The in vivo kinase assay was performed as previously described (13) . Briefly, a plasmid encoding myc-tagged WT MAFG (pGIPZ-CMV-MAFG-WT), MAFG-T3A (pGIPZ-CMV-MAFG-T3A), or MAFG-S124A (pGIPZ-CMV-MAFG-S124A) was transfected into SK-MEL-28 cells, and cells were treated with 1 μM PLX4720 24 h later. Cell lysate was immunoprecipitated with a myc Ab, and immunoprecipitates were analyzed by immunoblotting with a phospho-(S/T)P Ab (Abcam).
HA-Ubiquitin Pull-Down Assays. HA-ubiquitin pull-down assays were performed as previously described (13) . Briefly, SK-MEL-28 cells were transfected with 5 μg of pGIPZ-CMV-MAFG-WT, pGIPZ-CMV-MAFG-T3A, or pGIPZ-CMV-MAFG-S124A; 5 μg of pcDNA3.1-HA-Ubiquitin (Addgene); and 0.5 μg of pEGFP-N1 (Clontech). To ensure equivalent transfection efficiency, EGFP expression was monitored 48 h later. PLX4720 (1 μM) was added to cells 24 h posttransfection, and cells were incubated for another 24 h. Cells were harvested, and pull-downs were performed using an HA Ab (Cell Signaling Technology) and anti-rabbit Trublot beads (eBioscience). Beads were incubated with lysate for 18 h, washed three times using NETN-150 buffer (20 mM TrisHCl pH 8, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40), and eluted in 2× sample buffer. Input samples were probed with a myc or TUBA Ab, and immunoprecipitated samples were probed with a myc Ab.
Melanoma Sample Analysis. This study was approved by the Institutional Review Board at the University of Massachusetts Medical School (UMMS). Human samples were obtained with informed consent. Archived specimens with sufficient tissue for analysis were obtained from the Department of Pathology at UMMS, and the melanoma diagnosis was made by a UMMS pathologist (Table S2) . BRAF mutational analysis was performed by the UMass Memorial Laboratory of Diagnostic Molecular Oncology.
PAT-ChIP Assay. FFPE tissue sections of matched adjacent normal tissue and tumor samples isolated from individuals with invasive or metastatic BRAFpositive melanoma were deparaffinized in Histolemon-Erba RS solution (Carlo Erba Reagents) four times for 10 min at room temperature. The tissue was then resuspended in 100% (vol/vol) ethanol, incubated for 10 min at room temperature, spun down, and resuspended in 95% (vol/vol) ethanol. The washing/resuspension steps were repeated, gradually increasing the percentage of water [to achieve 70%, 50%, 20%, and 0% (vol/vol) ethanol] to rehydrate the tissue. The resulting material was then processed as previously described (22) .
Soft Agar Assay. For each knockdown cell line, 1 × 10 3 cells were mixed with the 0.45% agar solution and seeded in a six-well plate in triplicate on top of solidified 0.9% base agar. After incubation at 37°C and 5% CO 2 for 14 d, colonies were stained with 0.003% crystal violet, examined, and quantified under a microscope.
Statistics. All quantitative data were collected from experiments performed in at least triplicate, and expressed as mean ± SD. Differences between groups were assayed using a two-tailed Student t test utilizing Microsoft Excel. Significant differences were considered when P < 0.05, *P ≤ 0.05, and **P ≤ 0.01.
